We use broken symmetry III-V semiconductor Fano metasurfaces to substantially improve the efficiency of second-harmonic generation (SHG) in the near infrared, compared to SHG obtained from metasurfaces created using symmetrical Mie resonators.
Introduction
The use of Fano resonances in photonics nanostructures has attracted a lot of attention due to the many applications that can benefit from the resulting sharp spectral features [1] . For example, Fano resonances in plasmonic nanostructures are widely employed for sensing or for enhancement of nonlinear optic processes [2] . On the other hand, dielectric metasurfaces with Mie modes are a more promising platform for frequency mixing processes since they use both surface and bulk nonlinearities and show higher efficiencies for nonlinear processes [3] . Recent studies of all-dielectric metasurfaces that support the excitation of high quality (Q) Fano resonances demonstrate higher field enhancement at the Fano resonance wavelengths compared to the enhancement for first-order Mie modes [4] . However, second-order optical nonlinearities from all-dielectric metasurfaces supporting symmetry protected Fano resonance have not been studied yet.
Second-harmonic generation in Fano metasurfaces
Recently, we showed a new design for creating high Q (~600) resonances in all-dielectric metasurfaces by utilizing broken symmetry, Mie nanoresonators [5] . Our design is based on a cube with a side of ~300 nm, that has a notch cut from its corner ( Fig. 1(a) ). It allows to couple radiating modes with symmetry protected dark modes. In this work we demonstrate enhanced second-harmonic generation from a Fano metasurface consisting of a square array of such broken-symmetry GaAs nanoresonators. We fabricated the metasurface using a wafer grown by molecular beam epitaxial containing a 400-nm-thick layer of Al 0.85 Ga 0.15 As and 300-nm-thick layer of GaAs on GaAs substrate, followed by electron-beam lithography, dry etching and oxidation. The inset in Fig. 1(a) shows a top-view scanning electron microscope (SEM) image of the fabricated metasurface, that consists of an array of broken symmetry nanoresonators. The fabricated Fano metasurface supports the excitation of a Fano resonance with a F ~ 2 nm spectral width (Q~500), as can be seen from the linear reflectance spectrum shown in Fig. 1(b) . Numerical calculations using finite difference time domain method reveal a multifold enhancement of the electric field inside an ideal symmetry-broken nanoresonator at the Fano resonance wavelength; the field enhancement is a few orders higher then the enhancement obtained for the first-order Mie modes in the same structure.
To characterize the nonlinear properties of the Fano metasurface we measured the dependence of second- harmonic generation on pump wavelength using a tunable Ti:sapphire femtosecond laser. The SHG intensity spectrum ( Fig. 2(a) ) exhibits a narrow peak at ~0.99 m with an FWHM of ~14 nm due to the enhanced field localization inside the nanoresonator at the Fano wavelength. The highest SHG signal is ~300 times stronger in comparison with the SHG obtained at off-resonant wavelength. Since the spectral width of the pump ( pulse ~ 11 nm) exceeds the spectral width of the Fano resonance ( F ~ 2 nm), we observe nontrivial shaping of the SHG spectra ( Fig. 2(b) ). As the detuning of the pump center wavelength from the Fano resonance becomes smaller, the longer wavelength parts of the SHG spectrum get enhanced more than the shorter wavelengths portions. When the central wavelength of the pump pulse overlaps with the dip of the Fano resonance, the generated SH spectrum narrows down to ~2.3 nm, as can be seen from Figure 2(c) . Moreover, the intensity of the second-harmonic signal at the Fano resonance is more than 4 orders of magnitude higher than the second-harmonic signal obtained from an unpatterned GaAs substrate. In order to evaluate the overall performance of the Fano metasurface, we compared the SH generated at the Fano resonance wavelength to the SH generated by a metasurface consisting of GaAs nanodiscs (same sample as used in ref. [3] ). The maximum of SHG efficiency for the Fano metasurface is 3-times higher than the maximum efficiency for the nanodisc metasurface sample. However, we carried out our experiment with laser pulses with a spectral width that is much larger than the linewidth of the Fano resonance, therefore less then 30% of the pump's pulse power was coupling to the Fano resonance. Taking the latter into account, as well as the different filling factors of the sample designs, we estimate a ~13-fold higher conversion efficiency for the Fano metasurface.
To summarize, in this work we utilize a Fano resonance metasurface consisting of broken-symmetry resonators to achieve a substantial conversion efficiency enhancement of SHG due to the high field confinement inside the nanoresonators. We expect that our design can be optimized further for other frequency conversion processes, and will pave the way for the realization of new ultra-compact optical devices. 
